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Abstract 
Normally, not all the stopping sections of a high-speed rail (HSR) are long enough for a train to achieve the initially fixed target 
speed. By taking this crucial attribution of HSR into consideration, an assessment model for energy consumption of a high-speed 
train (HST) is established based on its mechanical energy. An example based on real data in China effectively demonstrates the 
model. It is found that both the target speed and stopping frequency have significant effects on HST energy consumption. If the 
target speed rises from 200 to 350 km/h, the increasing percentages of energy consumption are 133%, 140%, 149% and 153% 
respectively for HSTs of the four examined stop schedules: all-stop, skip-stop, large-stop and non-stop. The non-stop HST 
consumes the less energy whereas all-stop HST consumes the most under equivalent conditions. Moreover, the travel speed of an 
HST with high target speed and frequent stopping is not significantly higher than that of an HST with lower target speed and less 
frequent stopping, but the former’s energy consumption is strikingly more than the latter’s. The findings might help rail 
departments to make a more environmental-friendly HST operation scheme by integrating its target speed and stop schedule. 
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1. Introduction 
Worldwide, the traffic section is a large energy consumer. The experience of developed countries illustrates that 
the ratio of energy consumed by traffic section to the total is highly positive correlated with the economic 
development level. Therefore, as expected, the ratio of energy consumed by China’s traffic section to the total will 
probably grow as rapidly as her economy (Jia et al., 2010). Recently, China has invested enormously in HSRs. Till 
the end of 2012, over 9000 kilometers (km) of HSR has been put into operation in China, and by 2020 it is going to 
exceed 18000km. With such rapid development, how to control HSR energy consumption effectively has been a 
popular and great issue to scholars and policy-makers (Givoni, 2006). In order to answer this question, the 
estimation model for HST energy consumption should be established first of all, including finding the significant 
influence factors. 
However, subjected to the financial and technical constraints, it is nearly impossible to pilot a large-scale energy 
use experiment on an operating HSR. As a result, many researchers have made efforts to estimate train energy use 
theoretically. The published findings are distinguished into two main categories according to their principles.  
On one hand, a micro approach adopts computer-aided simulation to reproduce the train running process and 
evaluates the energy use based on electric current curve of locomotives. For example, Lukaszewicz (2001) develops 
a validated train model based on full scale testing, and the model is quite accurate as verified for the investigated 
trains. A number of operation factors are tested to improve the energy utilization efficiency in rail transit, including 
the target speeds (Feng, 2011), formation scales (Feng et al., 2012a) and stopping frequencies (Feng et al., 2012b). 
The third saving strategy for energy consumption of HST is the rational use of driving modes, including coasting 
control (Liu and Golovitcher, 2003) and regenerative brakes under variable line conditions. Although this micro 
approach is relatively more accurate, it has a stringent requirement for input conditions and fails without the electric 
current curve of locomotives. 
On the other hand, a macro approach estimates train energy consumption by calculating its mechanical energy 
based on the energy conservation law. This approach also has a popular application owing to its fewer input 
requirements. For instance, Hickman et al. (1999) propose a calculation model for train energy use where the 
primary parameters include the average speed and stop frequencies of the train along the entire route as well as the 
maximum speed to which the train accelerates. However, the model is quite simplified and difficult to reflect the 
really more complicated running process. González-Franco et al. (2012) improve Hickman et al.’s model in 
consideration of more details of realistic train running process, and also estimate energy recovered from regenerative 
braking. 
Most models of the above-referred macro approach are based on the parameter of the maximum speed, which is a 
fixed target speed when operating the train. However, a certain extent of HSR’s stopping sections is not long enough 
to achieve the fixed target speed (Givoni and Banister, 2012). Ignoring this crucial attribution might result in over-
estimated HST energy consumption. In the research, we divide the length of stopping sections into 2 categories: 
long enough to achieve the target speed and else. Then the HST running process in different categories is described 
and its energy consumption is modeled respectively. The paper is organized as follows: Next section sets up our 
theoretical model based on some necessary assumptions. In section 3, a numerical example based on real data is 
presented. Scenarios on its stop schedule, e.g. all-stop, skip-stop, large-stop and non-stop trains, are examined. The 
effects of accelerations and target speeds on HST energy consumption are evaluated. Finally, section 4 provides a 
brief conclusion and directions for possible future researches. 
2. 2. Theoretical model 
The running process and operation scheme of an HST on an HSR is described as follows, which also include 
parameter definitions and vital assumptions. 
The HSR’s length is defined as L and its passenger service stations are numbered as 1, 2, …, n from the original 
station to the terminal station. The length between the i-th station and its next adjacent station is marked by Ri,i+1, 
where 1≤i≤n-1. 
The stop frequencies of the HST are s (including at the original and terminal stations, 2≤s≤n), and the series of 
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stopping stations is marked as r1, r2, …, rj, …, rs-1, rs. Obviously, r1=1 and rs=n. Also, the length of the j-th stopping 
section is accumulated by: 
1 1
, 1
j
j
r
j i i
i r
L R
 

 
 ¦   (1) 
where 1≤i≤n-1. 
The HST’s mass is signed as M, and the rail is assumed flat due to the harsh requirements for geographic 
conditions resulted from HSR’s relatively high commercial service speed. Literatures find that the basic running 
resistance force of an HST per weight is a function of its current speed (written as f(v), in unit of N/kN), which is 
estimated by (Raghunathan et al., 2002): 
2
0 1 2( )f v B B v B v     (2) 
where B0, B1 and B2 are experimental coefficients; v is the HST’s current speed in unit of m/s. 
To ensure the start-stop smooth and steady, the HST always starts with a constant acceleration a+. Therefore, the 
increase of the HST’s mechanical energy W(0,v) when the speed rises from 0 to v is calculated by: 
> @ 22 0 1 2
0
( ) 1(0, )
2 2 3 4
v a gf v v B g B gv B gvW v M dv Mv
a a a a

   
 § ·    ¨ ¸© ¹³  (3) 
where g is the gravitational constant. 
As a matter of fact, subjected to the locomotive performance, the HST has to satisfy the following formula to stay 
constantly accelerating: 
> @max max max( )P M v a g f vt       (4) 
where Pmax represents the HST’s maximum power and vmax represents the maximum speed. 
The HST stops at stations with a constant deceleration a-, and the requirement for the length of the j-th stopping 
section for the HST to achieve the fixed target speed vtar is established: 
  2tar
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where Lmin stands for the minimum length of the stopping section for the HST to achieve the fixed target speed. 
If the length of stopping sections satisfies (5), the HST could achieve the fixed target speed, and afterwards 
begins to coast. When the speed falls to (1-θ)vtar, the HST begins to tract again and pulls the speed up to vtar. The 
process is called retraction and θ represents the speed decrease percentage. While coasting, only resistance force 
which is against the travel direction is acted on the train without any traction force. According to (2), the coasting is 
a variable deceleration movement, for which the maximum deceleration amax and the minimum deceleration amin are 
calculated respectively by: 
2
max 0 1 tar 2 tara B g B gv B gv      (6) 
2 2
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Therefore, the coast distance is between a minimum value and a maximum value, represented as Smin and Smax 
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respectively and calculated by: 
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This research adopts the geometric mean of (8) and (9) as the coast distance Sc: 
c min maxS S S      (10) 
According to (3), the increase of the HST’s mechanical energy during the retraction process is signed as W((1-
θ)vtar,vtar), which is estimated by: 
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The HST’s running distance St for the reacceleration during the retraction process is calculated by: 
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After achieving the fixed target speed in the j-th stopping section, the HST repeats the coasting and retraction 
until the remainder length is not enough for a whole coasting and retraction process. Then the HST will stay 
coasting until the remainder length falls to the minimum value to ensure the brake, which is a constant deceleration 
movement as assumed above. The retraction repeated times N is estimated by: 
min
c t
jL LN
S S
« » « »¬ ¼
     (13) 
where the sign of ہۂ means the arithmetic of rounding down. 
As a result of (3), (11) and (13), the total increase of the HST’s mechanical energy W1 during running in the j-th 
stopping section is measured by: 
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If the length of the j-th stopping section does not satisfy (5), that is to say Lj<Lmin, the HST is not able to achieve 
the fixed target speed. Then the maximum speed vmax that the HST could accelerate to is evaluated by: 
max
2 ja a Lv
a a
 
 
       (15) 
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Meanwhile, based on (3), the increase of the HST’s mechanical energy W2 during it accelerates from 0 to vmax is 
measured by: 
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With a combination of the above-described different situations on length of stopping sections, the increase of the 
HST’s mechanical energy W along the entire line is estimated by: 
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The following formula is derived from (17) as a result of the combination of (1), (3), (5), (14) and (16): 
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The efficiency of the HST’s traction system is signed as η. As found in the literature, because the energy 
recovered from regenerative braking has a relatively insignificant impact on the HST’s entire energy consumption, it 
is excluded in this research. Therefore, the model for the energy consumption E of the HST based on mechanical 
energy is established by: 
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where Lj, f(v), Lmin, Sc and St are calculated respectively by (1), (2), (5), (10) and (12). 
3. Numerical example 
3.1. Values of parameters 
The Shanghai to Hangzhou intercity HSR was opened on 26 October 2010, linking two major cities in the 
Yangtze River Delta region of China with time of less than one hour on non-stop HST service. The HSR is 169 km 
long with 9 passenger service stations those are numbered from 1 to 9 sequentially. The length between stations (in 
kilometers) is illustrated in Fig. 1, which also describes the 4 typical stop schedules (solid squares stand for stopping 
stations): all-stop; skip-stop; large-stop and non-stop. The length of stopping sections for the 4 typical stop 
schedules can also been calculated from Fig. 1. Table 1 lists the value of parameters in the numerical example. 
 
 
Fig. 1 Illustration of the four typical stop schedules 
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Table 1 Value of parameters in the numerical example 
Parameters Symbol Value 
Length of the HSR L 169 km 
Number of passenger service stations n 9 
Mass of the HST M 536 tons 
The efficiency of the HST’s traction system η 0.6 
The maximum power of the HST Pmax 9800 kilowatt 
The constant acceleration for traction a+ 0.4 m/s2 
The constant deceleration for braking a- -0.6 m/s2 
Experimental coefficients for the function of running resistance  
force (N/kN) 
B0 0.755 
B1 0.0229104468 
B2 0.00149215608 
The speed decrease percentage for coasting θ 10% 
The gravitational constant g 9.8 m/s2 
3.2. Effects of the target speed 
For the 4 typical stop schedules, the target speed of the HST is set to a range between 200 and 350 km/h. The 
computational results of the HST energy consumption are illustrated in Fig. 2. 
 
 
Fig. 2 Effects of target speed 
 
As illustrated in Fig. 2, the energy consumption of the HST for the 4 typical stop schedules rises synchronously 
with target speeds. For the all-stop schedule, the energy consumption of the train increases by 133% when its target 
speed rises from 200 km/h to 350 km/h. For the skip-stop, large-stop and non-stop train, the incremental percentages 
are 140%, 149% and 153% respectively. Secondly, the stopping frequency has a significant effect on the energy 
consumption. The all-stop train consumes the most energy under the same conditions, and it requires approximately 
1.3, 1.5 and 1.7 times of skip-stop, large-stop and non-stop train averagely. The impact of target speeds on energy 
consumption is expressed by acting on the peak speed that the train can accelerate to. In contrast, how many times 
the train accelerates from 0 to the target (maximum) speed accounts for the impact of the stopping frequency on 
energy consumption. 
According to the estimation, when the all-stop train’s target speed is set to 350 km/h, its travel speed of the entire 
journey (excluding dwell time at stations) can only reach 180 km/h, which is close to the travel speed of non-stop 
train with a target speed of 200 km/h. However, the energy consumption of the former all-stop train is nearly four 
times of the latter non-stop train. It is concluded that all-stop schedule with a higher target speed may not achieve 
the goal of a higher travel speed easily, but might result in a considerable waste of energy. Consequently, in the 
operation of the HSR with dense stations, the target speeds of all service trains are not necessary to set samely, but 
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should be discussed together with the stop schedules regarding to the characteristics of the passenger flow, 
especially when the HSR’s capacity is not full enough to disturb. 
3.3. Effects of the acceleration 
In order to test the impacts of HST’s acceleration on its energy consumption, the accelerations are set to vary in a 
range between 0.1 to 0.4 m/s2. Meanwhile, the target speeds vary between 200 to 350 km/h. It is confirmed that all 
the computational conditions satisfy formula (4). The results are illustrated in Fig. 3.  
 
 
(a) All-stop schedule (s=9)                          (b) Skip-stop schedule (s=5) 
 
(c) Large-stop schedule (s=3)                     (d) Non-stop schedule (s=2) 
Fig. 3 Effects of acceleration 
 
Fig. 3 (a) indicates that the acceleration has an important impact on energy consumption when the train operates 
in stopping sections with short distance. As known, there exists a threshold for the maximum speed of a train when 
it operates in a stopping section of a certain length with a fixed acceleration. However, in an equivalent length of a 
stopping section, a higher maximum speed might be achieved with a higher acceleration, thereby more energy is 
consumed. Compared to Fig. 3 (a), the similar variation trend also presents in Fig 3 (b), but due to the increase on 
the length of stopping sections, the area has reduced largely, only concentrating on higher target speeds and lower 
accelerations. Meanwhile, in contrast to Fig. 3 (a), it is evidenced in Fig. 3 (b) that the effect of the acceleration on 
energy consumption is insignificant when the train can achieve the fixed target speed, which is also distinctly 
explained in Fig. 3 (c) and (d). It is noticed in Fig. 3 the energy consumption of the 4 typical stop schedules all 
oscillates. Generally, this phenomenon is caused by the driving modes for the HST. As mentioned previously, after 
several repeats of coasting and retraction, the HST stays coasting until braking. Therefore, the oscillation presents as 
long as the HST achieves the fixed target speed. Consequently, the oscillation becomes denser as the decrease on 
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stopping frequencies, but the oscillation amplitude becomes less significant due to the increase on the length of 
stopping sections. 
4. Conclusions 
Based on mechanical energy, the paper establishes a calculation model for energy consumption of HSTs with a 
combination of micro and macro models in the literatures. A real data based example of Shanghai to Hangzhou 
intercity HSR in China demonstrates the model, and how factors impact the energy consumption is found.  
The target speed affects HST energy consumption by acting on its maximum speed. For all the four typical stop 
schedules, energy consumption rises significantly with the increase of the target speed. How many times the train 
accelerates accounts for the effect of stopping frequencies on energy consumption. Non-stop trains consume the less 
energy whereas all-stop trains consume the most under equivalent conditions. 
The travel speed of an all-stop train with a fixed target speed of 350 km/h corresponds to that of a non-stop train 
with a fixed target speed of 200 km/h, but the energy consumed by the two trains is in a huge difference. This 
finding may encourage rail departments to integrate fixing train target speeds with stop schedules according to the 
passenger travel behaviors, especially when the load of the rail line is not high enough to disturb. 
The acceleration has a significant impact on energy consumption when the train operates in short stopping 
sections. The driving modes of the HST easily result in oscillations of its energy consumption. The increase on the 
frequency and amplitude of oscillations for HST energy consumption is explained by the increase on the length of 
the stopping sections and its stopping frequencies, respectively. 
The proposed model may help rail departments make a more environmental-friendly decision on the HST 
operation scheme, but how to fix train target speeds with stop schedules still needs to explore further in future 
studies. In addition, since the HSR is a complicated large system, besides the management factors we discussed 
above, a number of other factors also have great impacts on its energy consumption, such as aerodynamic design, 
auxiliary equipment (e.g. air-conditioning and lighting) and regenerative braking. All these factors need to be 
studied systemically to further understand the sequencing of measures for saving HST energy consumption. 
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